Neuroblastoma (NB) is an extremely heterogeneous paediatric tumour accounting for 15% of childhood deaths from cancer Cohn et al, 2009) . Although survival has dramatically improved in the past decades, there is still a great need to improve patient survival, especially in the subgroup of high-risk patients. This subgroup is defined by presence of tumour MYCN amplification or children with metastatic disease older than age 18 months at diagnosis Saarinen-Pihkala et al, 2013) . The fundamental biological processes leading to high-risk NB are of key importance. A better understanding of these processes, including the regulatory pathways controlling MYCN activity, would lead to improved stratification of the high-risk patients, and could form the basis for new therapeutic strategies to enhance survival. Tumour angiogenesis is now widely accepted as essential for tumour growth and metastasis (Folkman et al, 1971; Maiese, 2012) . In many aspects, tumour vessels are different from normal vessels; they are dilated, tortuous and poorly covered by pericytes (Carmeliet and Jain, 2000; Bergers and Benjamin, 2003) . In NB, conflicting results have been reported with regard to the prognostic impact of angiogenesis (Canete et al, 2000; Peddinti et al, 2007; Jakovljevic et al, 2011; Tadeo et al, 2013 Tadeo et al, , 2016 .
The architectural role of the fibrous component of the extracellular matrix (ECM) is clear and central for tissue homeostasis (Ushiki, 2002) . In fact, scaffold architecture has been found to have a significant impact on cell growth (Ng and Brugge, 2009; Lowery et al, 2010) . Reticulin fibres (Ret Fs), composed of type III collagen, are thin fibres arranged as loose meshworks and providing a supportive scaffolding for certain organs. These fibres not only influence morphological changes of the cell, but also various biological functions in NB (Liu et al, 2005) . Collagen type I fibres (Col I Fs) usually form thick bundles following a wavy course without branching in connective tissue of skin, bone and organ capsules, among others. Of relevance to NB, an aligned collagen fibre matrix enhances differentiation of human neural crest stem cells towards the Schwann cell lineage while increased collagen crosslinking is a significant contributor to the changes in cellular mechanical microenvironment that accompanies tumour progression (Ng and Brugge, 2009; Ren et al, 2013) . The role of elastic fibres (EFs) in neoplastic processes has not been reported to any extent, although a relationship between fibre density and tumour progression has been found in some malignancies (Devy et al, 2012; Toupance et al, 2012) . Finally, glycosaminoglycans (GAGs) have biofiltering, scaffolding and cell anchoring properties and have been implicated in diverse malignancies . Therefore, they are now understood as key players in cancer development and are novel therapeutic agents (Afratis et al, 2012) .
Tumour cells are able to alter the mechanical properties of the microenvironment to create favourable conditions for their proliferation and/or dissemination (DuFort et al, 2010) . ECM stiffness also indirectly affects tumour pathophysiology by deforming blood vessels, as described in pancreatic cancer. The compression of tumour vasculature also leads to a reduction in tumour blood flow and subsequently reduces the anticancer agent transport to tumour cells (Padera et al, 2004) . ECM stiffness has been implicated in processes relevant to aggressive NB phenotype(s), such as stage of neuronal maturation, MYCN expression and malignant potential (Lam et al, 2010) . In vitro studies further show that NB cells respond differently to a 3D than a 2D environment and that the regulation of gene expression and morphology depends on the geometry of the matrix as well as on its composition, structure and mechanical properties (Li et al, 2007; Lovett et al, 2013) . Consequently, ECM can be understood not only as a reactive neighbour, but should also be considered as a main actor in these processes (Hu and Polyak, 2008) .
In this study, we have analysed the potential diagnostic and prognostic utility of quantifying ECM elements in specimens from 102 primary high-risk NBs with clinical follow-up data using advanced morphometric approaches. We aimed to find different organisations of blood vessels, Ret Fs, Col I Fs and GAGs to define an ultra-high-risk group within the high-risk cohort of children with NB.
MATERIALS AND METHODS
Samples. We analysed 19 tissue microarrays containing at least two representative cylinders of 1 mm from 458 primary tumours, referred to the Spanish Reference Centre for NB Biological and Pathological studies (Department of Pathology, University of Valencia) between 1996 and 2007. Histologic and genetic studies were approved by the corresponding committees. Clinical data were provided by the clinicians, histopathology was assessed by a pathologist and genetic information was obtained by fluorescence in situ hybridisation, single-nucleotide polymorphism and static cytometry, following previously published protocols and European guidelines (Shimada et al, 1999; Ambros et al, 2003) .
Patients. According to the INRG pretreatment stratification, patients with high-risk disease include those presenting any stage with MYCN amplification; patients with metastatic disease and X18 months, independently of MYCN status; and patients with metastatic special stage with MYCN non-amplified tumours with 11q deletion Huang and Weiss, 2013) . The studied cohort included 102 high-risk patients with a follow-up of at least 60 months for event-free survival (EFS) and 101 high-risk patients with a follow-up of at least 60 months for overall survival (OS). Of these, 80.3% (82 out of 102) of the patients suffered disease progression and 77% (78 out of 101) died. The median EFS and OS were of 44.5±5.76 months (CI 95% 33.1-55.8) and 61.1 ± 7.1 months (CI 95% 47.0-75.1), respectively. The 5-year-EFS and OS were 24.5%±4.3 and 28.7%±4.5, respectively. Although the criteria to define ultra-high-risk patients are currently under debate, based on current hypotheses, 30 out of 102 patients (29.4%) who died from disease within 18 months after diagnosis would be considered ultra-high-risk (excluding those with stage 1 with MYCN amplification and those with metastatic special stage with MYCN non-amplified tumours and 11q deletion, due to treatment heterogeneity in these patient groups). Patients with non-high-risk disease include those with very low, low and intermediate risk, which result from the combination of the stage, the age, the histologic category and grade of differentiation, MYCN non-amplification, the status of 11q or the overall genetic profile (numerical vs segmental chromosome aberrations) and the ploidy, following the INRG classification Schleiermacher et al, 2012) .
Image analysis. The image analysis process and specific settings for each ECM element studied are detailed in Table 1 . Serial sections of 3 mm were cut and stained. We were interested in quantifying the variations not only in the density, but also in the size and the shape of blood vessels and of Ret Fs, which usually form extended networks. Given that Col I Fs form thick bundles, and GAGs occupy intercellular spaces, both with few morphological changes, we only assessed the percentage of stained area (%SA) for these elements. The image analysis software provided with the scanner enabled proper segmentation of the GAGs %SA and the image analysis could therefore be performed directly on the whole-slide scanned image. For the remaining elements, individual images of every sample were exported from the wholeslide scanned image to two computer programs: (1) angiopath (Fernandez-Carrobles et al, 2013; Tadeo et al, 2016) , which then closed vessels with incomplete vascular walls to properly quantify the vascular density and to measure variations in the shape and size of the vessels; and (2) Image-Pro Plus 6.0, which enabled proper segmentation of Col I Fs and provided parameters indicating various morphological features of the Ret Fs networks. JPEG format, with the highest quality compression, was chosen by default as being sufficient to detect image hues without loss of quality, given that the majority of the morphological measurements are not affected by compression (Lopez et al, 2008; Lopez et al, 2009; Lejeune et al, 2011) . Nevertheless, we chose TIFF format for blood-vessel analysis because we needed fine segmentation (precise recognition of the elements of interest) to properly perform blood-vessel closing, which is one of the central advantages of the software used. Images were exported using the RGB colour model (for red, green and blue), where a pixel has a component of the three colours ranging from 0 to 255, being 0 the absence of light and 255 full saturated pixels (white), but the HSV colour model (for hue, saturation and value/brightness) was used for blood vessels, providing a more accurate discrimination of the brown hues. The morphometric parameters defining the histological organisation of blood vessels and Ret Fs networks are explained in Table 2 .
Statistical methods. The average of all measured parameters was calculated for all elements detected in every single cylinder. We then calculated the mean of the values of the measured parameters of all the cylinders belonging to the same case. The resulting continuous morphometric variables were then dichotomized to perform survival analysis with Kaplan-Meier and log-rank test. The median (Q2) was used, as being the statistically most accurate value, to dichotomise the variables. Nevertheless, as the ultra-highrisk subgroup defined by clinical data was a minority within the high-risk cohort (29.4%), we also dichotomized using the first quartile (Q1) and the third quartile (Q3), separating the 25% lowest and highest samples, respectively. w 2 test was used to compare the ultra-high-risk cohort defined by clinical and biological factors and the ultra-high-risk cohort defined by morphometric variables. To test which combination of parameters had the best prognostic value, a Cox regression analysis for survival was used using a log-rank test, and hazard ratio for death using a Wald test. The significance level was established at 95%. Nonevaluable samples (cylinders lost during the processing, artefacts, non-representative tissue and scant material) were excluded from the analysis. Samples with no immunoreactivity against CD31 which may present vascular mimicry, angiomatoid patterns and focal haemorrhages were also excluded from the statistical analysis (Tadeo et al, 2016) .
RESULTS
Blood-vessel form and size are prognostic. Positive staining of the endothelial cells of blood vessels was found in 88.1% (74 out of 84) of the evaluable samples (material in good conditions and representative of the original tumour tissue, 84 out of 102). All of these samples presented capillaries (5-15 mm diameter), 84.5% (71 out of 84) had postcapillary venules and metarterioles (15-20 mm diameter; venules with pericytes and initial segment of the thoroughfares channels with precapillary sphincters, respectively), 83.3% (70 out of 84) showed sinusoids or discontinuous capillaries (20-50 mm diameter), 66.6% (56 out of 84) presented venules and arterioles (50-200 mm diameter), and only 13.0% (11 out of 84) of the samples exhibited small veins and arteries (4200 mm diameter). Images of typical non-high-risk, high-risk and ultra-high-risk patient samples immunostained with anti-CD31 and the resulting segmentation are shown in Figure 1A -C. Morphometric parameters defining the histological organisation of the blood vessels are explained in Table 2 .
An irregular blood-vessel shape (shape factor4Q1), and small sinusoids (areapQ2) defined high-risk patient subgroups with o10% 5-year EFS. Regarding OS, high-risk patient subgroups with o10% 5-year OS were defined by a smaller size (areapQ2) and an irregular outline (roundness4Q1) of venules and arterioles. The corresponding Kaplan-Meier graphs are shown in Figure 2A -D and the associated data area shown in Table 3A -D. No differences were found in EFS and OS for high-risk patients regarding the morphometric variables of capillaries, and postcapillary venules and metarterioles. Kaplan-Meier graphs and statistical data are not provided. Using this approach alone and considering only All these parameters provide information about the degree of deviation from a round and regular elements, using different approaches.
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Perimeter ratio: convex contour perimeter/perimeter (convex contour: outline of the polygon best-fitting to the real shape). morphometric variables influencing EFS, 86.9% (73 out of 84) of the high-risk patients would have been classified as ultra-high-risk patients. These were patients with ECM hosting irregular blood vessels in general and/or small sinusoids.
Dense and large meshworks of Ret Fs hold prognostic information. Ret Fs were assessed in 82.3% of the high-risk patient samples (84 out of 102). High-risk patient subgroups with ultra-poor prognosis (mostly under 10% of 5-year EFS) were robustly defined by the density and the organisation of Ret Fs. Images of typical non-high-risk, high-risk and ultra-high-risk samples stained with Gomori and the resulting segmented Ret Fs are shown in Figure 1D -F. Morphometric parameters defining the histological organisation of the Ret Fs networks are explained in Table 2 . Samples with Ret Fs occupying a wide proportion of the tumour tissue (%SA4Q2), forming large networks (width4Q2) depicting a crosslinked (roundness4Q2), wavy (perimeter ratiooQ2), haphazardly arranged (fractal dimension4Q2) and branched (branching4Q2) network, presented mostly o10% of 5-year EFS. The Kaplan-Meier graphs and the associated data are shown in Figure 2E -J and the associated data are presented in Table 3E -J. These results were also found for OS (data not shown). Using this approach alone, considering all Ret Fs morphometric variables for being all related to EFS, 73.8% (62 out of 84) of the high-risk patients would have been classified as ultra-high-risk patients. Considering the two approaches, blood vessels (irregular shape blood vessels and small sinusoids) and Ret Fs (all morphometric variables), together, 39.1% of patients classified as ultra-high-risk were common to both tools. Additionally, among all the tumour vascularisation and tumour ECM features tested individually, Ret Fs extension (%SA) is the one with the highest impact on survival, with the lowest P-value (P ¼ 0.001).
A morphometric classifier is proposed discriminating ultrahigh-risk patients who die within 24 months. We combined both image analysis tools to define a morphometric classifier. For that purpose, only variables which were related to EFS were considered. Blood-vessel shape factor was omitted from this classification as it included 75% of the samples in the ultra-high-risk group (data over the Q1 value), and was not considered a discriminative variable. The presence of at least any two of the seven remaining morphometric features (any combination of sinusoids size and/or the six Ret Fs morphometric variables) defined ultra-poor prognosis. Therefore, we grouped high-risk patients according to the number of ultra-high-risk morphometric features presented: those presenting 0-1 features (n ¼ 26/84, 31%) and those presenting at least 2 morphometric features (n ¼ 58/84, 69%), the latter thus defining patients with ultra-high-risk of progression. According to the Cox regression, the presence of a large %SA followed by small sinusoids had the best prognostic value (Table 4) . The morphometric classifier identified 25 of the 30 patients (83.3%) who would be considered ultra-high-risk based on current hypotheses (patients who die within 18 months; P-value 0.029, Spearman correlation 0.230). In addition, 33 out of 54 patients (61%) at present considered as non-ultra-high-risk would also be considered as ultra-high-risk patients following the morphometric classification. Indeed, these patients presented ultra-high-risk of progression, with a mean survival time of 24 months. The Kaplans-Meier curves for both classifications are shown in Figure 2K and L and the associated survival data are shown in Table 3K and L. In all cases, the straight line corresponds to the group under the data used for dichotomization, and the discontinuous line corresponds to the group over the data used of dichotomization. These data are shown in Table 3 Col I Fs, EFs and GAGs are not informative in defining NB high-risk patients. The amount of Col I Fs and GAGs did not show any influence on survival in our high-risk cohort.
The amount of EF was negligible, except for vascular distant laminas in the blood-vessel walls. Kaplan-Meier graphs and statistical data are not provided.
DISCUSSION
By introducing advanced morphometric methodology, we have been able to demonstrate and robustly quantify ECM components in a large cohort of NB samples. The prognostic classification of ultra-high-risk NB patients is currently under debate (SaarinenPihkala et al, 2013; Pinto et al, 2015) . The data show that the Number of specific data: number of patient samples with morphometric parameters over or under the Q1 or Q2 value/total number of patient samples with evaluable and positive staining. Blood-vessel shape factor affected EFS but was omitted from the morphometric sorter since it included 75% of the samples in the ultra-high-risk group, and was not considered a discriminative variable. A morphometric classifier is proposed discriminating ultra-high-risk patients who die within 24 months (row labelled K), combining the measurement data values over or under the corresponding quartile (Q) of at least two of the seven morphometric features identified by grey rows. The parameters affecting EFS with potential use for the pretreatment risk stratifications were included in the morphometric classifier. Some parameters affected OS but cannot be used to enhance the pretreatment risk stratification. They were therefore not used for the morphometric classifier. Quartiles: Q1: we dichotomized using the first quartile separating the 25% lowest samples, as the ultra-high-risk subgroup defined by clinical data was a minority within the high-risk cohort; Q2: the median was also used, as being the statistically most accurate value, to dichotomize the variables. morphology of blood vessels has a bearing on the behaviour of high-risk NB patients, and also that Ret Fs network abundance and morphology in high-risk NB specimens is linked to high-risk patient outcome. Our data suggest that identifying precise mechanisms behind Ret Fs and blood-vessel organisation might be a future avenue for treatment of ultra-high-risk NBs. Morphometric techniques assure the standardisation of all measurements and minimise inter-observer differences (Nast et al, 2015) . It has been shown that nuclear texture automated analysis can help to discriminate between different differentiated small round cell tumours (Garcia-Bonafe and Moragas, 1995) . In addition, computer-based grading systems already support diagnosis and discriminate stroma-poor, and stroma-rich regions in NB (Kong et al, 2008; Gurcan et al, 2009; Sertel et al, 2009 ). The development of statistical modelling recently enabled our group to describe the prognostic value of ECM elements, neuroblastic cell markers and vascular patterns to establish the degree of influence on NB patient outcome (Tadeo et al, , 2016 . In this study, by introducing advanced morphometric methodology, we have been able to robustly quantify ECM components in a wide set of high-risk NB.
To our knowledge, the influence of the morphology of the blood vascularisation and fibrous scaffolding on prognosis in high-risk NB patients has not been investigated previously. In general, tumour blood vessels are known to be highly disorganised, tortuous and dilated, with uneven diameter, excessive branching and shunts (Carmeliet and Jain, 2000) . In the high-risk cohort studied, not only irregularly shaped blood vessels in general, but also small sinusoid-like vessels, and small venules and arterioles with abundant protrusions define subgroups of patients with ultrapoor prognosis within the high-risk cohort. In addition, in our cohort, morphometric parameters defining an anarchic network of Ret Fs, with high crosslinking, and therefore correlating with a stiff ECM, also define ultra-high-risk subgroups. Both an abnormal morphology of tumour blood vessels and an increased stiffness have been described to result in a hostile tumour microenvironment that facilitates disease progression and the distribution of chemotherapeutics (Jain and Baxter, 1988; Afratis et al, 2012; Salmon et al, 2012; Ariffin et al, 2014) . Our data suggest that identifying ECM organisation variations might be a future avenue for stratification. In fact, the combination of the morphometric parameters of blood vessels and Ret Fs enabled the proper identification of a large majority of the ultra-high-risk patients provisionally defined by clinical and biological factors, plus a set of patients which would not currently be considered as ultra-high-risk, but indeed presented very poor survival. This system provides an accurate and extended definition of ultra-highrisk NB patients.
The fact that blood vessel and Ret Fs composition and organisation in NB are prognostic opens up for the possibility of developing new therapies that target the mechanisms leading to aberrant behaviour of ECM components. In this regard, multiple direct angiogenic inhibitors (angiostatin, endostatin and thrombospondin) targeting endothelial cells and indirect antiantiangiogenic agents blocking the production or activity of proangiogenic molecules, such as VEGF, have been developed (Rossler et al, 2008) . However, recent studies have focused on the value of normalising tumour vasculature to improve response to conventional anticancer therapies, rather than destroying tumour vessels to starve primary tumours from oxygen and induce tumour shrinkage (Tong et al, 2004; Salnikov et al, 2006; Carmeliet and Jain, 2011) . This normalised tumour vasculature becomes less permeable and tortuous with their normal function restored (Jain et al, 2007; Goel et al, 2012) . Strategies focusing on the reversal of existing fibrosis could also be developed (Zeisberg and Kalluri, 2013; Tsou et al, 2014) . Collagenase has been shown to decrease stiffness by cleaving collagen and consequently destroying the collagen crosslinked networks in tumours in human osteosarcoma xenografts (Eikenes et al, 2004) . Another therapeutic approach not affecting the amount of fibres, but affecting morphology, would be to impede crosslinking by the monoclonal antibody AB0023 (Barry-Hamilton et al, 2010) . Our methodology might also be useful to explore the effects of these therapies.
In summary, our data show that combing the morphological parameters of irregularly shaped blood vessels, and a stiff Ret Fs network with increased crosslinking and branching, can be useful to predict survival in the high-risk NB patient cohort and to identify an ultra-high-risk group. Because of their importance to tumour aggressiveness, the presented findings offer a new spectrum of therapeutic opportunities whose application in NB should be considered. Both the grading and the therapeutic aspects should be confirmed after validation of the results on a larger highrisk patient cohort. 
